CNS infection. For both the ANZ (P = 0.02) and UK (P \ 0.0001) cohorts there was a significant interaction between early peak temperature and CNS infection, indicating that the nature of the relationship between in-hospital mortality and peak temperature differed between TBI/stroke and CNS infection. For patients with CNS infection, elevated peak temperature was not associated with an increased risk of death, relative to the risk at 37-37.4°C (normothermia). For patients with stroke and TBI, peak temperature below 37°C and above 39°C was associated with an increased risk of death, compared to normothermia. Conclusions: The relationship between peak temperature in the first 24 h after ICU admission and in-hospital mortality
Introduction
Acute illnesses affecting the central nervous system (CNS), such as stroke [including ischaemic stroke, intracerebral haemorrhage and subarachnoid haemorrhage (SAH)], traumatic brain injury (TBI) and CNS infection (meningitis and encephalitis), are globally major causes of disability and death [1] . Fever, defined as a temperature of 37.5°C or above [2, 3] in this context, is common in the early phase of these acute illnesses [2] [3] [4] [5] [6] [7] , as is the use of pharmacological and physical interventions for the purpose of fever suppression [4, 8, 9] . However there remains clinical uncertainty about the biological purpose of fever [10, 11] and the therapeutic efficacy of the interventions [7, [12] [13] [14] used for fever suppression in these patient populations.
For patients with non-infective CNS conditions, such as stroke and TBI, animal models suggest that fever may further exacerbate neuronal damage [15] [16] [17] [18] following the initial vascular or traumatic insult. Additionally, observational clinical studies suggest an association between raised temperature after both TBI [4, 6] and stroke [2, 3, 5, [19] [20] [21] and increased morbidity and mortality [22] .
In general, among patients with an inflammatory response as a consequence of an infection, the development of a fever may be part of a phylogenetic, protective host response [10, 11, 23] to an invading infective agent. Several observational studies suggest that for patients with systemic infections, an elevated temperature is associated with decreased mortality [24] [25] [26] . Additionally, antipyretic use is associated with harm for patients with systemic infection [25] . Finally, certain microbial strains that cause CNS infection (Neisseria meningitides [27] and Streptococcus pneumonia [28] ) are inhibited from replication at temperatures within the febrile pathophysiological range. Therefore it is biologically plausible that the observational relationship between fever and morbidity and mortality may differ for patients with CNS infection, compared to those with TBI/stroke.
We undertook a retrospective analysis of two independent international intensive care databases in order to test the hypothesis that early fever would have an independent association with worse outcome for TBI and stroke, but not for CNS infection. Specifically, we hypothesized that elevated peak temperature during the first 24 h after intensive care admission would be associated with increased mortality in patients admitted with an admission diagnosis of TBI or stroke, but not in patients with a diagnosis of CNS infection.
Methods

Study design
This retrospective cohort study evaluated the association between peak temperature recorded in the first 24 h of intensive care unit (ICU) admission and all-cause inhospital mortality among critically ill patients with TBI, stroke and CNS infections.
Participants and setting
All patients admitted to an adult ICU at one of 148 centres in Australia and New Zealand (ANZ) or one of 236 centres in the UK between 2005 and 2013 were eligible for inclusion in this study if the admission diagnosis to the ICU was attributable to an acute neurological disease. We defined an acute neurological disease as TBI, stroke (ischaemic stroke, subarachnoid haemorrhage, intracerebral haemorrhage) or CNS infection (meningitis or encephalitis) according to the coding systems of the Australia and New Zealand Intensive Care Society Adult Patient Database (ANZICS-APD), using the Australia and New Zealand Risk of Death Model (ANZROD) [29] , and the UK Intensive Care National Audit & Research Centre Case Mix Programme Database (ICNARC-CMPD), using the ICNARC Coding Method (ICM) [30] .
We excluded patients who had cardiopulmonary resuscitation in the previous 24 h because of the confounding effect of therapeutic hypothermia; patients with missing data for temperature, admission diagnosis, vital status at hospital discharge and patients with insufficient information on the Glasgow Coma Score (GCS). Where patients were admitted to ICU more than once during an acute hospital admission, only the patient's first admission was included in the analysis.
Databases
ANZ data were extracted from the ANZICS-APD and UK data were extracted from the ICNARC-CMPD. The ANZICS-APD is an established binational, representative [31] voluntary database, which has been well described and contains data for more than one million ICU admissions [32] . Data are collected under the Quality Assurance Legislation of the Commonwealth of Australia (Part VC Health Insurance Act 1973, Commonwealth of Australia). In New Zealand, use of anonymous quality data for research is classified as 'low risk audit activity' and is exempt from requirements for formal ethics approval. Access to the data was granted by the ANZICS Centre for Outcome and Resource Evaluation (CORE) Management Committee. Ethics approval was obtained from the Alfred Hospital Human Research Ethics Committee (HREC reference number 183/11) in keeping with ANZICS CORE publication policies for use of the APD. The ICNARC-CMPD is a trinational, representative database with coverage of adult general critical care units and specialist neurocritical care units in England (92 %), Wales (100 %) and Northern Ireland (100 %). The ICN-ARC-CMPD contains over one million adult critical care admissions [33] . The ICNARC-CMPD has support for the collection and use of patient identifiable data without consent under Section 251 of the NHS Act 2006 (approval number PIAG 2-10(f)/2005).
Variables
The following variables were extracted from the databases: age, sex, GCS, physiological measures including temperature in the first 24 h and vital status at hospital discharge. Additionally, illness severity was determined using the APACHE II risk prediction model for both databases [34] , the ANZROD [29] model for the ANZ data and the ICNARC model for the UK data [30] . Neither database contained information on how temperature was measured or information regarding pharmacological agents that may be used to modify temperature or the use of physical cooling.
Outcomes
The primary outcome was in-hospital mortality (all-cause death before hospital discharge). For patients in the ANZ database, vital status was determined at the time of discharge from the acute hospital housing the ICU to which the patient was admitted. For patients in the UK database, vital status was determined at the time the patient was ultimately discharged from any acute hospital (including transfers between hospitals).
Statistical methods
We considered peak temperature as a categorical variable, divided into 0.5°C increments. We calculated odds ratios (95 % CI) for the risk of hospital mortality associated with peak temperature in the first 24 h after ICU admission for all patients (univariate model). Except for the group with peak temperatures below 36.0°C, which is reported as a single category, we report odds ratios relative to a normal temperature defined as a peak temperature of 37.0-37.4°C based on data from observational clinical studies [2, 3] . We then performed a multivariate analysis for hospital mortality using temperature as a categorical variable (as defined above), GCS and illness severity (APACHE III model for the ANZ cohort and the ICNARC model for the UK cohort). Both illness severity models used the predicted log odds of death, excluding the GCS and temperature weightings.
We chose to combine TBI [4, 6] and stroke [2, 3, 5, [19] [20] [21] because of the consistent finding that elevated temperature [22] is associated with adverse morbidity and mortality in previous observational studies. To confirm that this approach was reasonable, we separated the TBI/ stroke group into three groups [TBI, haemorrhagic stroke (subarachnoid haemorrhage, intracerebral haemorrhage) and acute ischaemic stroke (AIS)] and evaluated the relationship between peak temperature in the first 24 h and all-cause hospital mortality using univariate and multivariate analyses (as described above).
To establish if the relationship between temperature and hospital mortality differed between the TBI/stroke group and CNS infection, we fitted an interaction between temperature and the two groups. A two-sided P value less than 0.05 was considered to be statistically significant. We first tested our hypotheses using the ANZ database. After this analysis was completed, we applied the same analysis to the UK database to validate the preliminary findings.
Role of the funding source
This study received no direct funding from peer-reviewed institutional granting agencies. Indirect (in-kind) support was received from the Australian and New Zealand Intensive Care Research Centre, Melbourne, Australia; the George Institute for Global Health, Sydney, Australia; The Medical Research Institute of New Zealand, Wellington, New Zealand; and the Intensive Care National Audit & Research Centre, London, UK. Apart from the affiliated authors, these centres had no involvement in the study design; in the collection, analysis and interpretation of data; in the writing of the report and in the decision to submit the paper for publication. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results
Over the study period from 2005 to 2013, 934,159 intensive care admissions were included in the ANZICS-APD and 908,775 in the ICNARC-CMPD (for flow diagram see ESM Fig. 1 ). Of these, 53,942 (5.8 %) in ANZ and 56,696 (6.2 %) in the UK met the inclusion criteria for an admission diagnosis of TBI/stroke or a CNS infection. After excluding readmissions and admissions following cardiac arrest, 51,314 in ANZ and 53,781 in the UK were eligible for the analysis, of which 10,172 (19.2 %) of ANZ patients and 2,347 (4.4 %) of UK patients were excluded from the analysis owing to missing data. For the ANZ data, there were no substantial differences between included patients and patients that were excluded because of missing data (ESM Table 2 ). For the UK data, patients that were excluded because of missing data had higher intubation and hospital mortality rates (76 vs. 70 % and 45 vs. 33 % respectively) than patients that were included in the analysis.
Admissions included in the ANZ database were drawn from 148 hospitals (27 % rural, 22 % metropolitan, 22 % tertiary and 29 % private). Admissions included in the UK database were pooled from 236 adult critical care units. Of the 236 critical care units, 29 % were in university hospitals, 17 % were university-affiliated and 54 % were in nonuniversity (district general) hospitals. Nine of the UK critical care units were dedicated specialist neurocritical care units and 15 were combined neuro/general critical care units in a regional neurosurgical centre. Tests for interaction between TBI/stroke and CNS infection: a P \ 0.0001 b P = 0.02 Tests for interaction between TBI/stroke and CNS infection: a P \ 0.0001 b P \ 0.0001 Table 1 demonstrates the baseline characteristics, physiology and outcomes for patients with acute neurological diseases in the ANZ and UK cohorts. The UK cohort had a higher hospital mortality than the ANZ cohort (TBI/stroke 35 vs. 22 % and CNS infection 19 vs. 12 % respectively; P \ 0.0001).
Associations between peak temperature recorded in the first 24 h of ICU admission and hospital mortality, relative to the risk at a normal temperature between 37 and 37.4°C, are shown in Tables 2 and 3 and Figs. 1 and  2 . The pattern of risk of death was similar for TBI, ischaemic stroke and haemorrhagic stroke. For both the ANZ (P = 0.02) and UK (P \ 0.0001) cohorts there was a significant interaction between early peak temperature and CNS infection, indicating that the nature of the relationship between in-hospital mortality and peak temperature differed between TBI/stroke and CNS infection.
For the CNS infection group, in the ANZ cohort (n = 2,463), there was no significant increase in the adjusted risk of death across the range of peak temperatures, compared to normothermia. However, in the UK cohort (n = 6,396), there was a reduction in the risk of death between 37.5 and 39.4°C [adjusted OR between 0.62 (0.48, 0.81) and 0.74 (0.59, 0.94) within this range of temperature], compared to normothermia. Additionally, there was no increase in the risk of death for temperature above 39.5°C, compared to normothermia.
For the TBI/stroke group, in both the ANZ (n = 38,679) and UK cohorts (n = 45,038), there was no increase in the adjusted risk of death between 37 and 39°C, in comparison to normothermia, but the risk of death increased below 37°C and above 39°C.
Discussion
Statement of principal findings
Using two large, independent, multi-centric, geographically distinct and representative databases, employing different risk prediction models to adjust for illness severity and different methods to classify patients into TBI/stroke and CNS infection, we report three key findings. Firstly, the relationship between peak temperature in the first 24 h after ICU admission and inhospital mortality differs for patients with TBI/stroke Fig. 1 ANZ and UK data showing adjusted odds ratios for inhospital mortality versus peak temperature in the first 24 h after ICU admission: traumatic brain jury and stroke versus central nervous system infection (test for interaction between TBI/stroke and CNS infection for ANZ and UK cohorts was P = 0.02 and P \ 0.0001 respectively) compared to those with a CNS infection. Secondly, in comparison to patients with CNS infection that are normothermic, the presence of an elevated temperature is not associated with an increased risk of death. Thirdly, in comparison to patients with TBI/stroke that are normothermic, there was no change in the risk of death for patients with an early peak temperature of between 37 and 39°C, but there was an increase in the risk of death above 39°C and below 37°C.
Relationship to previous work and study significance
The finding that the pattern of risk is different for TBI/ stroke compared to CNS infection challenges the traditional assumption that avoiding hyperthermia is desirable for all neurological diseases. This finding is consistent with animal data that fever in the context of infection may be a component of an adaptive, beneficial response [10, 11, 35, 36] ; this finding is also compatible with previous Fig. 2 ANZ and UK data showing adjusted odds ratios for in-hospital mortality versus peak temperature in the first 24 h after ICU admission: traumatic brain injury, acute ischaemic stroke and subarachnoid haemorrhage/intracerebral haemorrhage cohort studies [24] [25] [26] of critically ill patients with systemic infection. Our study contradicts the findings of a smaller, previously published observational study of meningitis [37] . That elevated peak temperature is not associated with an increased risk of death in patients with CNS infection is biologically plausible, given the sensitivity of certain microbial species (N. meningitides [27] and S. pneumonia [28] ) to the higher peak temperatures we observed.
The finding for patients with TBI/stroke, that the risk of death does not increase until temperature exceeds 39°C, is consistent with animal models of TBI/stroke that compare induced hyperthermia (C39°C) to induced normothermia (37°C [38] [39] [40] or 38°C [16] ), but contrasts with smaller clinical cohort studies that report an association between temperature below 39°C [19, 22] and adverse outcomes (37.5°C [2, 41] , 37.9°C [20] , 38°C [42] and 38.5°C [43] ). At present there are no agreed definitions of normothermia and no randomised clinical studies [13, 44, 45] confirming that the maintenance of normothermia improves patient-centred outcomes. Our study may help generate hypotheses by assisting with the formulation of a definition of normothermia for patients with TBI/stroke that could be tested in clinical trials.
The finding that hypothermia is associated with an increased risk of death for the stroke and TBI group is complex to interpret. It may be compatible with the uncertain signal from the many clinical trials evaluating induced hypothermia [46] for TBI and clinical trials of other patient groups that suggest benefit with avoiding iatrogenic hypothermia [47] [48] [49] ; alternatively, it is also possible that spontaneous hypothermia may be a marker of more severe injury or that rewarming a patient that presents with spontaneous hypothermia is associated with increased mortality [50] .
The difference in hospital mortality between the ANZ and UK cohorts may be explained by the increased illness severity (lower GCS and higher mechanical ventilation rate during the first 24 h of ICU admission) of the UK cohort. The difference in illness severity and the smaller number of patients with CNS infection in the ANZ cohort compared to the UK cohort may also partially explain the difference in the risk of death between 37.5 and 39.4°C; differences in unmeasured confounders (such as genetic patient differences or microbial resistance patterns) may offer alternative explanations.
Strengths and limitations of the study Our study has several strengths. It used two large, independent, multinational databases that included 92,576 patients with an admission diagnosis attributable to an acute neurological disease. It used one database to test the hypothesis and the second database to validate the results, increasing the external validity of the findings. The data were independently collected by multiple trained data collectors for the purpose of audit and are unlikely to be subject to bias in relation to the recording of body temperature in the different groups of patients studied. The outcome (hospital mortality) is objective and easily verifiable, thus unlikely to be affected by ascertainment error or bias. Collection of validated markers for severity of illness allowed the adjusted odds ratio for the risk of mortality to be calculated by multivariate analysis. Finally, the differential association of fever with outcome in the two groups is statistically strong.
There are a several limitations that mainly relate to the specific information available in the two databases. Firstly, it was not possible to control for antipyretic use or physical cooling in the multivariate analysis, but these interventions are variably used in clinical practice [4, 8] (40-60 % of patients may be administered pharmacological agents and 21-25 % [4, 8, 51] receive physical cooling) and have not been shown to improve outcome [13, 44] . Secondly, we were unable to control for the potential confounding role of shivering and the management of shivering between the two groups [for example, in contrast to the management of CNS infection, TBI management is often protocolised, with stepwise use of sedation and other strategies to control brain oedema that may also reduce the incidence and severity of shivering; such an approach may lead to ''controlled'' hypothermia with the relative absence of shivering and tachycardia in patients with TBI, and ''uncontrolled'' hypothermia occurring with more frequent shivering and tachycardia in patients with CNS infection. The latter may be associated with adverse events related to (for example) myocardial stress]. Thirdly, the use of a single peak temperature does not allow us to gain an understanding of the relationship between other temperature parameters (such as the proportion of time above a specified threshold or temperature variability) and outcome for the two study groups. Additionally, we studied the first 24 h after intensive care admission and cannot comment on the relationship between temperature and outcome during other time periods. It is plausible that fever control could have different effects in the early and later stages of infective illnesses (for example by effects on host response and cerebral swelling respectively). Future studies could address these issues. Fourthly, age-related or illness severity-related differences in the inflammatory/infective response may confound the interpretation of the difference between CNS infection and the trauma/stroke group. However we adjusted for age and illness severity in the multivariate model. Fifthly, adjustments for illness severity were based on data collected concurrently with the peak temperature data (it would be preferable to have determined the illness severity prior to the collection of the temperature data). Sixthly, the accepted endpoint for stroke and TBI clinical trials is a composite measure of death and disability measured at 6 months and not hospital outcome. Lastly, some patients were excluded because of missing data; however, these data may be missing at random.
Conclusion
The association between early fever and hospital mortality for critically ill patients with acute neurological diseases is different for patients with CNS infection compared to patients with TBI and stroke. For the group with CNS infection, fever was not associated with an increased risk of death, compared to normothermia, but for patients with stroke and TBI, temperature below 37°C and above 39°C was associated with an increased risk of death. These data may be useful for hypothesis generation for clinical trials evaluating the efficacy of normothermia for acute neurological diseases.
